Purpose: To map the spatial response of four solid-state radiation detectors of types commonly used for radiotherapy dosimetry. Methods: PTW model 60016 Diode P, 60017 Diode E, 60018 Diode SRS, and 60019 microDiamond detectors were radiographed using a high resolution conventional X-ray system. Their spatial response was then investigated using a 0.1 mm diameter beam of 95 keV average energy photons generated by a synchrotron. The detectors were scanned through the beam while their signal was recorded as a function of position, to map the response. These 2D response maps were created in both the end-on and side-on orientations. Results: The results show the location and size of the active region. End-on, the active area was determined to be centrally located and within 0.2 mm of the manufacturer's specified diameter. The active areas of the 60016 Diode P, 60017 Diode E, 60018 Diode SRS detectors are uniform to within approximately 5%. The 60019 microDiamond showed local variations up to 30%. The extra-cameral signal in the microDiamond was calculated from the side-on scan to be approximately 8% of the signal from the active element. Conclusions: The spatial response of four solid-state detectors has been measured. The technique yielded information about the location and uniformity of the active area, and the extra-cameral signal, for the beam quality used.
INTRODUCTION
In previous work, we have developed a method of scanning a radiation detector through a beam of collimated synchrotron radiation to produce a two dimensional (2D) map of its spatial response. In the first application of this work we measured response maps for several types of ionization chamber. 1 Here, we employ the same technique to map the response of solid-state detectors. Our research is aimed at understanding the response of detectors used in radiotherapy, and so we chose four commonly used detectors of this type to study. The PTW model 60019 "microDiamond" (PTW-Freiburg GmbH, Freiburg, Germany) detector is of particular interest, and as the PTW series of diodes (model numbers 60016, 60017, and 60018) have the same outer dimensions, it was decided to restrict the study to this series to reduce setup time. We note that our technique can be applied to any detector that produces an electrical current.
Using a small beam to probe the spatial response of a detector has previously been done by several authors. [1] [2] [3] Ketelhut and Kapsch 3 measured the lateral spatial response of ionization chambers in megavoltage radiation using a line source. Recently Looe et al. 4 used Monte Carlo calculations to determine the lateral response function of detectors, and Poppinga et al. 5 performed measurements using a slit collimator and megavoltage radiation to determine if the predicted negative part of this response function could be observed.
Our technique is novel in that the spatial resolution is high (less than 0.1 mm) which is made possible by the high dose rate in the synchrotron beam. The dose rate brings an improved dynamic range over conventional techniques, and we are able to see structure in the spatial response while the signal varies by a factor of more than 200 between the active area and the support structures of the detector. We are therefore able to isolate the extra-cameral component of the detector response. This is the first time response maps of radiotherapy diodes have been made in such detail.
The modeling of solid state detectors is important for small-field dosimetry, where these detectors are often used to measure narrow beams of megavoltage radiation in water. It is well-known that a correction factor is required in these circumstances, 6 but attempts to model the response do not always agree with measurements. Recently, Andreo et al. 7 modeled the response of the PTW microDiamond for different sizes of megavoltage photon beams. They found that their results were more consistent with measured field-size dependencies when they used a smaller active area than specified by the manufacturer, and noted the presence of large support structures inside the detectors which are not included in the specifications, and may also affect the response. Marinelli et al.
2 measured the active area by scanning several microDiamond detectors through a small beam of kilovoltage radiation using a technique similar to ours (but with lower spatial resolution) and found that for the detectors studied, the size of the active area corresponded closely with the specified value. Both groups discuss their results in a letter to Medical Physics, 8 and acknowledge that even if the active area matches the specifications, there are other components in the detectors which may contribute to the overall energy and field-size response.
Our results confirm the central conclusion of Marinelli et al. that the size of the active area is in good agreement with the manufacturer's specifications. However, our results also support the argument of Andreo et al. that other structures in the detector (on which there is little information regarding dimensions and materials) influence the overall response. While our technique uses kilovoltage photons, we suspect that a contribution from these structures in the megavoltage range is also likely, given that megavoltage beams will usually include a lower energy scattered component. We note that a 0.1 mm beam of megavoltage photons in water would produce a wider distribution of absorbed dose due to the increased range of secondary electrons, so our results are not immediately applicable to this case. A possible use for our technique is to confirm Monte Carlo models which include the support structures, and which could then be used to calculate small-field correction factors in megavoltage photon beams.
MATERIALS AND METHODS

2.A. Solid-state detectors
Four PTW solid-state detectors were studied: model 60016 Diode P, 60017 Diode E, 60018 Diode SRS, and 60019 FIG. 1. Geometry of the four detectors studied. In each case the active area is a disk inside, and near the end of, the cylindrical stem. The distance from the front of the detector to the start of the cable is around 45 mm. [Color figure can be viewed at wileyonlinelibrary.com] microDiamond, where the SRS stands for stereotactic radiosurgery. All these detectors have the same 7 mm outer diameter, with the active area being a disk of material near the end (Fig. 1) . Being the same outer diameter simplified the alignment and made possible more efficient use of the limited beam time (48 h in this case). No bias voltage was used for any of the detectors. The microDiamond detector produces a positive current, as opposed to all the other detectors which produce negative currents under irradiation. The manufacturer's specifications are given in Table I . The nominal responses vary from 1 to 175 nC/Gy, indicating a wide variation between the magnitudes of the currents expected from these detectors under the same irradiation conditions. The microDiamond has the lowest response, and the Diode SRS has the highest. We also note that, except for the Diode SRS, the active region is very thin and is expected to be less than the width of the scanning beam in the side-on orientation. The resolution of most of our scans was finer than the beam width, in part to compensate for this.
2.B. Radiographs
High resolution radiographs were taken so that the response maps could be referred to the detector geometry. Each detector was marked so that the same orientation could be aligned with the beam during scanning and imaging, to within a few degrees.
The detectors were imaged in the side-on orientation using a Feinfocus FXE-225.20 microfocus X-ray source (Feinfocus, Garbsen, Germany, now YXLON International GmbH, Hamburg, Germany) (cylindrical reflection-type tungsten target; 90 kVp, 100 lA; 9 lm spot size) and a 16M FDI-VHR CCD (charge-coupled device) detector (Photonic Science Limited, East Sussex, UK) (4872 width 9 3248 height, 7.4 lm pixels binned to 2 9 2; operated at~243 K via a multi-stage Peltier cooler). The source-to-detector distance was 370 mm and the detector to be imaged was placed 130 mm from the source for a magnification of 2.8 on the CCD.
2.C. Response scans
The work was performed on the Imaging and Medical Beamline (IMBL) at the Australian Synchrotron. 9 The pinhole collimator was the same as that used in our previous work: 1 a 0.1 mm diameter aperture in a 2 mm thick tungsten piece (Fig. 2) . Additional apertures of 0.2 mm and 0.4 mm diameter, also in 2 mm thick tungsten, were placed in contact with the pinhole to reduce transmission, as shown in Fig. 3 . This arrangement was found to be easier to align than three 0.1 mm apertures stacked together. Indeed with an aspect ratio of 1:20 even a single aperture is difficult to align with the radiation field. For this reason we used three computerdriven stages (one rotation about z, and two translations along y and z) to assist in the pinhole alignment. The signal from a downstream free air ionization chamber was monitored and the motor positions adjusted to optimize the pinhole transmission. A second pinhole rotation about y was adjusted manually.
The profile of the collimated beam is determined by the source size (an elliptical Gaussian at the wiggler with full- Step field size z (mm)
Step between lines (mm) width at half-maximum FWHM of 0.754 mm in the horizontal direction and 0.038 mm in the vertical direction), the alignment of the 0.1 mm pinhole 22 m away, and the distance to the detector (35 cm). Exposures with radiochromic film showed a spot of approximate dimensions 0.1 mm which did not appear to change over the region where measurements were made. The angular divergence for a point source at 22 m from a 0.1 mm aperture is 4.5 lrad.
Translation stages with a resolution better than 0.01 mm were used to position the solid-state detector. Detector current was measured with a Keithley 6517A electrometer (Tektronix, Inc., Beaverton, OR, USA). The arrangement was similar to that used in our previous work but with an optimized algorithm for reading the electrometer and synchronizing those readings with the motor positions, written in the EPICS 10 open source software environment and run from the beamline control console. The EPICS stands for experimental physics and industrial control system.
A 2D scan consisted of a series of line scans, with the raster motor moving horizontally (y-direction) while currents were measured continuously. At the end of the line the raster motor returned to the start of the scan, the orthogonal motor incremented one vertical step (z-direction), and then the process was repeated until the scan area was covered.
Optimizations included automatic settings to start from, and return to, the center of the scan. This made it easier to align detectors and to make changes to the scan area. The program was also changed so that the motor would return to the start of each raster at the maximum velocity. Since no data are recorded in this phase, this helped speed up the scans with no negative effect. A small additional forward step was added before each raster scan to eliminate backlash. Finally, both the motor positions reported by the EPICS system and the timestamps reported by the electrometer were recorded. In this way scans could be checked for integrity, and multiple scans could be combined afterwards.
For the end-on beam incidence, an 8.5 9 8.5 mm area was scanned for each detector. The parameters were the same except for the electrometer range which had to be made less sensitive for the Diode SRS detector. These scans took 2 h each.
For the side-on orientation, two scans were conducted for each detector, with the electrometer set to different sensitivities. A large area scan was used to map the response from all parts of the detector. During this scan, when the beam struck the active area, the electrometer over-ranged due to the large signal. To account for this a second, smaller, scan was taken over the active volume using a lower sensitivity. These scans took 2-3 h for the larger area and 1 h for the higher resolution (See Table II ).
2.D. Synchrotron beam spectrum
The beam was generated by a multipole wiggler operated with a magnetic field of 3T. 8 The principle filtration consisted of two 1 mm thick copper pieces inserted into the beam at 45°, but the beam path also includes: beryllium and aluminum windows, a diamond filter, a short helium path, a 1.2 m air path and added in-vacuo filtration of 0.45 mm of graphene at 90°, 5 mm of high-density (HD) graphite at~45°a nd 10 mm of HD graphite at~45°.
The calculated central axis air kerma rate in the above configuration, with a wiggler magnetic field of 3T and ring current of 200 mA, is approximately 760 Gy/s. The spectrum calculated by the method described by Stevenson et al. 9 is shown in Fig. 4 . The weighted average energy is 95 keV, the FWHM of the spectrum is 54 keV, and the half-value layer (HVL) is 1.28 mm of copper.
2.E. Active area and extra-cameral response
To show that quantitative information can be obtained from the response scans, we chose to analyze the size and position of the active region, and the extra-cameral response. The active area was measured and located with respect to the physical center of the detector by using the FWHM of orthogonal line scans through the end-on scans.
The extra-cameral signal was determined by integrating the signal from the region outside of the active volume. The electrometer has a small offset current which depends on the electrometer range. We suspect that it also depends on the electrometer temperature and possibly a residual bias voltage from the electrometer's voltage supply, which was set to zero. The offset current was determined in each case by including regions where the beam did not strike any part of the cable or detector. These regions were identified in each scan and averaged to obtain the offset current, noting that the offset measured in this way includes any leakage from the detector. Once the offset was determined, response maps were corrected to range from zero to the maximum signal, in A.
RESULTS
3.A. Radiographs
The side-on images of the four solid-state detectors are shown in Fig. 5 . The outer dimension of the detectors (only just visible as a faint boundary around each detector) is 7 mm, in all cases. The location of the active element is marked by the manufacturer with a line around the circumference, and for the first three detectors the indentation associated with this mark is visible in the radiograph in Figs. 5(a)-5(c) .
3.B. End-on response maps
The end-on response maps are shown in Fig. 6 . A color palette has been applied to these logarithmic plots to show Tables III  and IV . Here, we have calculated the width of the active area, in the horizontal and vertical directions, the eccentricity of the active area, and the offset from the center of the detector. The width of the active element of each detector was evaluated from the horizontal and vertical scans. The FWHM values are given in Table III , and compared to the nominal value. The eccentricity of the active area was estimated from the ratio of the horizontal and vertical widths (Table IV) . The offset of the center of the active area from the center of the holder in the horizontal and vertical directions is also shown.
3.C. Side-on response maps
The side-on response maps shown in Fig. 9 were constructed by combining the high resolution and medium resolution scans conducted with different electrometer sensitivities. The combined scans were aligned to the corresponding radiograph by translating the scan until features in each overlapped. There was no scaling of the dimensions. The color scheme is the same as that used in Fig. 6 , but the colors have been made transparent to allow the radiograph to be seen.
3.D. Extra-cameral response
The integral of the signal from the active area was calculated by summing the currents from each pixel in an area chosen to enclose the active area. The behavior of the same integral was investigated as the size of the area was increased. The result of this process depends on the background value subtracted from each pixel, since any net response from pixels in the absence of a beam will affect the results. Hence, considerable care was taken when defining a region over which to calculate the average background.
In practice we found that only data for the microDiamond could be analyzed from the scans we had collected. Scans for the other detectors did not cover a large enough area, so that the integral continued to increase as more of the stem was included. Figure 10 shows the integral of a rectangle of width equal to that of the microDiamond (7 mm) and height of zero, positioned at the front surface of the microDiamond, as the length of the rectangle is increased to eventually cover 13 mm of the stem.
DISCUSSION
4.A. Linearity
Crucial to the interpretations of the response scans is the linearity of the detector over the range of currents measured. With ionization chambers the degree of recombination effects can be easily tested by changing the bias voltage. However, for solid-state detectors no simple test is available without reducing the radiation intensity, something that is not easy to do on a synchrotron. Although the dose rate can be reduced by adding filtration, this changes the spectrum, so that any change in response requires accurate dosimetry to assess. The best method is to lower the current in the electron storage ring, but this option was not possible during the experiment. Instead, we refer to previous work which assessed the linearity of the microDiamond when fully irradiated. Livingstone et al. 11 showed that this detector was linear to better than 2% between 10 and 700 Gy/s, which covers the central axis dose rate in the collimated beam we used. We also assume in what follows that the other detectors have a linear response at the air kerma rates used.
4.B. Size, position, and uniformity of the active area
From Table III the average diameters of three of the detectors are within 2% of the nominal value. The diameter of the active volume of the Diode SRS was about 15% larger than specified. We note that this detector has an active volume which is thicker (0.27 mm) than the beam diameter (0.1 mm), which may be part of an explanation for the larger size measured if a misalignment is present. A highly nonlinear response could also be part of the explanation. The Diode SRS has a much greater response and had to be measured on a different electrometer range, however, on its own this does not explain the discrepancy.
The active region of the detectors, as observed in the endon scans, was found to be fairly uniform (Fig. 7) . However, all of the detectors showed some local and some gradual variations. The Diode P, E and SRS all showed variations of the order of 5%. The microDiamonds showed greater variationin the range 15% to 30% with some strong local variations and weaker gradients across the active region. The three microDiamond detectors each displayed distinctly different profiles, but with the same general features.
As shown in Table IV , all the active areas were round to within 7%. They were all centrally located within the detector casing, with the greatest deviation in the center of the active element and the center of the outer diameter being 0.13 mm.
4.C. Extra-cameral response
An important question in the attempt to model the response of any detector is the fraction of signal produced in elements of the detector other than the active volume. We analyzed the side-on scans to try to determine the fraction of the total measured signal which is caused by radiation which is not directly incident on the active volume. Despite that the signal from regions other than the active area is very small, it still contributes to the overall response because the volume of the stem is so much greater than the active volume. Unfortunately, this meant that, with the exception of the microDiamond, the side-on scans did not include enough of the stem for the integral of the signal to converge, and so we have not attempted a quantitative analysis for these detectors. However, the scans shown in Fig. 9 indicate that in all cases there is a measurable contribution from the stem.
The integral for the microDiamond, however, is found to converge reasonably well. This is mostly due to the larger area scanned in this case (13 mm of stem compared to about 7 mm for the other detectors). Interestingly, there is a negative signal originating in the stem as can be seen in Fig. 10 where the result starts to reduce when a large area of the stem is included. Nevertheless, we concluded that a reasonable approximation to the extra-cameral signal could be obtained from these data, and that fraction is likely to be less than about 8%. We note that these results, obtained in the side-on orientation with an average energy of 95 keV, do not necessarily translate to the end-on case with higher energy beams.
The technique does not provide information about the mechanism by which the stem responds to irradiation. That is, an extra-cameral response could be caused either by radiation scattered from parts of the stem reaching the active element, or by radiation creating ion pairs in the insulators or depositing secondary electrons in the electrodes. The lack of a strong dependence on distance from the active area suggests that one of the latter explanations may play a role, especially for the microDiamond, but the results are not conclusive. 
CONCLUSION
We have demonstrated that the micro-beam scanning technique can identify the active area of solid state detectors. End-on scans showed the position and size of the active element. The diameter of the area was within 0.2 mm of the nominal size, and all the elements were located within 0.1 mm of the center of the stem. The active regions exhibited local nonuniformities of the order of 5% (Diode P, E and SRS) and 15-30% (microDiamond). Determining the extracameral contribution was more difficult, nevertheless we estimate that approximately 8% of the signal produced by the microDiamond detector is generated by radiation falling outside of the active volume. These results are only applicable to the beam energy and detector orientations used. 
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